Study description
Over the years, this laboratory has conducted acute dose-response studies in adult and preweanling, 17-day old (postnatal day 17, PND17) Long-Evans hooded rats for a total of 10 OPs and 8 carbamates. In a few cases, PND11 rats were also included. ChE activity was measured at the time of peak acute effect, often derived from range-finding or time-course studies. Across studies, there was consistency in the general experimental design. For almost all studies, the assay for ChE activity used a radiometric procedure that is modified to minimize potential reactivation of carbamylated tissues (Johnson and Russell 1975) , and modified for use in this laboratory (Moser et al. 2010) . This aspect of the assay is critical for studies of carbamates, since reactivation of tissues during the assay process could underestimate the degree of in vivo inhibition. The exception was methamidophos-treated tissues, which were analyzed using an automated Hitachi 911 analyzer as previously described (Hunter et al., 1997) . ChE activity was measured in brain and either whole blood or red blood cells (RBCs) . For 7 carbamates, the ChE assays for adult rats were physically conducted in another EPA laboratory. While the brain ChE inhibition data were subsequently confirmed in this laboratory, the RBC data were not and therefore are not included here. In almost all of our studies, behavioral evaluations were included to correlate with the biochemical changes; however, since the focus of this review is to compare ChE inhibition, that aspect of the studies will not be further described.
Data analysis
In order to make direct comparisons across dose-response curves, all data were fit to a logistic equation (Hill plot; Barlow and Blake, 1989) using SAS (version 9, Cary, NC) for estimation of doses producing 50% ChE inhibition (ED50). The ratios of ED50 values in adults compared to young rats indicate the magnitude of sensitivity differences.
Results

ED50s
Doses which produce 50% inhibition were derived and compared by taking the ratio of the adult ED50 to that for the younger rat; values >1 indicate higher ED50s and therefore less sensitivity in the adults, i.e., greater sensitivity in the young. For the purposes of this review, ratios ≥5-fold are considered "large", and <2-fold suggest little or no differences. These calculated ED50 values and ratios for each pesticide are listed in Table 1 . In all cases, whole brain was used, whereas RBC was tested for some chemicals, and whole blood for others. As described above, adult RBC data for five carbamates are not available from this laboratory. In addition, the lowest doses used for aldicarb produced almost 70% blood ChE inhibition, and the lowest dose of methamidophos produced considerable blood ChE inhibition (40-60%), and thus dose-response curves could not be fit reasonably well. Doseresponse data for adult brain ChE inhibition produced by carbofuran and carbaryl were conducted twice (McDaniel et al. 2007; Moser et al. 2010) . The calculated ED50 values were essentially the same (carbaryl, 29.1 and 29.8; carbofuran, 1.06 in both), and therefore are Pesticides in the Modern World -Pests Control and Pesticides Exposure and Toxicity Assessment 498 averaged for the purposes here. The highest dose of malathion used in adults was 500 mg/kg, and range-finding studies went as high as 750 mg/kg (unpublished); these doses produced no inhibition of brain ChE. Therefore an ED50 could not be calculated, but it is evident that the ratio would be at least 3-fold given that the ED50 value in PND17 rat pups was less than half of the doses that were ineffective in adults. ED50 values obtained in PND11 rat pups are presented in Table 2 ; adult values in this table are taken from Table 1 . For carbaryl and carbofuran, but not dicrotophos, the ratios of brain ED50 values were greater, indicating more sensitivity, in the PND11 rat compared to PND17. Overall, it is clear that while the young are much more sensitive to some of these pesticides, there are no such differences with others. This is illustrated in Figure 1 , showing brain ChE dose-response data for both ages for diazinon (brain ratio >5) and acephate (brain ratio=1). For most pesticides where data are available, there were less obvious age differences in blood ChE inhibition, with ratios <2 on this measure for all except carbofuran and malathion: this was true for both PND17 and PND11 ages. Finally, even where brain ChE was more sensitive, in many cases the blood ChE inhibition was similar. Table 3 summarizes and bins the adult:PND17 ratios from Table 1 by chemical class. A comparison of ED50s for brain ChE inhibition revealed that slightly more than a quarter of the pesticides showed increased sensitivity in the young of 3-fold or greater, slightly less showed about 2-to 3-fold greater sensitivity, and fully half of the pesticides showed www.intechopen.com
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Pesticides in the Modern World -Pests Control and Pesticides Exposure and Toxicity Assessment 500 essentially no marked differences (<2-fold) in sensitivity. With both carbamates and OPs, half of the tested chemicals had low ratios (<2-fold), but there were more OPs producing relatively large age differences than carbamates. OPs with the largest ratios were diazinon, chlorpyrifos, mevinphos, chlorpyrifos, and malathion, and carbamates were propoxur and carbofuran. In contrast to brain, many ED50 values for blood ChE inhibition showed little or no differences (<2-fold) between ages. For the two pesticides that showed greater age differences in blood values, there was one from each chemical class. Table 3 . Grouping of adult:PND17 ratios from Table 1 . There were 10 OPs (brain for all, whole blood or RBC for 9) and 8 carbamates (brain for all, RBC for 2).
Similar grouping for the adult:PND11 ratios was not reasonable due to the low number of pesticides tested. However, of these three, the highest ratio for both brain and blood ChE inhibition was observed with carbofuran, a carbamate.
Discussion
Organophosphates
The majority of the literature in this area has addressed chlorpyrifos, parathion, methyl parathion, and malathion. The data presented here for chlorpyrifos and malathion further support previous findings of juvenile sensitivity, and in general show similar magnitudes of differences. In this study, the ratio of brain ChE ED50s for chlorpyrifos was 4.3, similar to the 5-fold difference in maximally tolerated dose (MTD) at PND17 . While others have reported somewhat greater MTDs and LD10s in younger rats (PND7, MTD ratio 6.2-fold, LD10 ratio 9.1-fold; Pope et al. 1991; Zheng et al. 2000) , they found the ratio of brain ED50 values at PND7 to be less (2.2-fold; Pope and Liu 1997) than reported here for older rat pups. In our data, RBC ChE inhibition was not greater in the pups, in contrast to other reports of juvenile sensitivity of around 4-fold (Pope et al. 1991; Zheng et al. 2000) . The reason for these tissue-dependent differences in ChE inhibition ratios is unclear. The only dose-response studies for malathion that could be found in the literature measured lethality. The greatest difference in LD50 values, 27.5-fold, was measured in newborn rats (Lu et al. 1965) . As the pups matured, the LD50 ratios decreased, being measured at 7.2-fold in PND12, 4-4.5-fold in PND14-18, and 2.2-fold in weanling rats (Brodeur and DuBois 1963; Lu et al. 1965) . Our difference of 3-fold or greater for ChE inhibition agrees well with these values, despite the different endpoints. The ratios presented here are generally in agreement with the few available studies for a few other OPs. Acephate showed little to no differences in sensitivity, as was reported for lethality (Gaines and Linder 1986) . Likewise, methamidophos showed no differences in terms of lethality or MTDs (Gaines and Lindner, 1986; Moser, 1999) , agreeing with the similar brain ChE inhibition obtained here. While our data report increased sensitivity of 3.6-fold in PND17 rats with mevinphos, an earlier study showed only a 1.5-fold difference in LD50s in PND23 rats (Brodeur and DuBois, 1963) . No other dose-response data with which to compare point estimates could be found for the remaining OPs.
It is important to note that while we have not studied parathion or methyl parathion, ratios of sensitivity differences from the literature range from around 8-fold in newborn to PND7 rats, to less than 2-fold in weanling pups (Benke and Murphy, 1975; Brodeur and DuBois, 1963; Harbison, 1975; Pope and Chakraborti, 1992) . This information could add two more OP pesticides to the group that show sensitivity ratios >3-fold at approximately PND17; however, they are not added to Table 1 or 3 since we did not test those pesticides in this laboratory.
Carbamates
There are many fewer studies of juvenile sensitivity in carbamate toxicity. Besides our studies on ChE inhibition, the literature has only provided lethality data. Methomyl and carbaryl were not more sensitive to lethality in post-weaning (3-6 weeks of age) rats (Brodeur and DuBois, 1963; Gaines and Lindner, 1986) . We observed essentially no differences in PND17 rats with either pesticide, but younger rats (PND11) were 1.6-fold more sensitive with carbaryl. We had previously reported about 2-fold more sensitivity with aldicarb for lethality and MTDs, similar to the 2.4-fold difference in ChE brain inhibition (Moser, 1999) . As part of an ongoing pesticide registration process by the EPA Office of Pesticide Programs, manufacturers have submitted comparative ChE studies in which inhibition in adult and PND11 rats is measured following acute and/or short-term repeated exposures. These data were modeled to calculate values that inhibit 10% brain ChE. While most of the studies are not available in the peer-reviewed literature, summaries are reported in the carbamate cumulative risk assessment document (US EPA, 2007). Sensitivity ratios based on these values for formetanate and carbofuran were similar to those obtained here for ED50 values, but the >3-fold ratios for methomyl and oxamyl were greater than those reported here. Some of these discordant results may be due to differences in levels of effect (10% vs 50%), age (PND11 vs PND17), as well as other experimental factors (e.g., rat strain, ChE assay, etc.). Values for carbaryl and aldicarb were calculated using the same data presented here, so it is not surprising that the sensitivity ratios are similar for those carbamates.
Kinetics
Considerable evidence suggests that immature detoxification mechanisms in the young account for much of the reported age-related differences in sensitivity (e.g., Atterberry et al. 1997; Benke and Murphy 1975; Chanda et al. 1997; Mendoza 1976; Mortensen et al. 1996; Sterri et al. 1985) . All of these chemicals are detoxified through a combination of P450 microsomal enzymes, carboxylesterases, and/or A-esterases, but the metabolic patterns differ greatly (Chambers et al., 2010) . For some chemicals such as chlorpyrifos, sensitivity in young rats has been directly correlated with maturing carboxylesterase and A-esterase systems (Chanda et al. 1997 (Chanda et al. ,. 2002 Karanth and Pope 2000; Mortensen et al. 1996; . In addition to chlorpyrifos, esterase detoxification, determined in vivo and/or in vitro, is known to be important for diazinon, mevinphos, malathion, and propoxur (e.g., Cashman et al. 1996; Murphy 1971, 1974; Gupta and Dettbarn 1993; Gupta and Kadel 1990; Main and Braid 1962; Moser and Padilla, 2011; Padilla et al. 2000 Padilla et al. , 2004 Poet et al. 2003; Walker and Mackness 1987) . These chemicals all showed ≥3-fold increased sensitivity in the www.intechopen.com
Pesticides in the Modern World -Pests Control and Pesticides Exposure and Toxicity Assessment 502 young. Using in vitro tests, measurements of esterase (carbarylesterase, A-esterase) detoxification have also revealed good concordance between juvenile sensitivity and degree of esterase detoxification (Moser and Padilla, 2011; Padilla et al. 2000 Padilla et al. , 2004 . Extrapolation of these findings suggest that the chemicals most dependent on esterases for detoxification will be more toxic to the young, and that screening for this can be predictive of juvenile sensitivity. In these studies, the magnitude of age-related differences in sensitivity did not correlate with potency. Juvenile sensitivity was notable for malathion, the least potent (highest ED50) of the chemicals tested, as well as for aldicarb, the most potent. While a highly potent pesticide may produce more environmental risk, it may not necessarily be more toxic to the young.
Considerations
The ratios presented here may not be quantitatively exact or fixed. For example, point estimates depend on the curve-fitting model used. The logistic function was used here for all pesticides instead of chemical-specific models, even though the latter may fit better specific shapes of the dose-response curves. These different models may produce different estimates, and similar but different ratios. In a previous report (Moser et al., 2010) , we used a four-parameter logistic model to fit the adult, PND17, and PND11 data for carbaryl and carbofuran. Most of the ratios were essentially the same as what is reported here, the largest discrepancy being the carbofuran brain, where the PND11 comparison is 5.9 here, and reported as 5.3 previously (Moser et al., 2010) . Here we have also only compared 50% inhibition values, but the choice of this level could also impact the ratios, especially where the curves may not be parallel. The age of the pups is an important factor. Progressively decreasing sensitivity from birth to weaning has been demonstrated for several pesticides, and may correlate with maturing esterase detoxification as described in section 4.3. Similar evidence is presented here, since for carbaryl and carbofuran, the brain ChE ratios were greater in PND11 pups compared to PND17. On the other hand, dicrotophos ED50 values for PND11 pups were slightly higher than for PND17, resulting in somewhat lower ratios in the youngest rats. The interpretation of the magnitude of age differences in terms of "large" or "small" is relative. For example, even a 5-fold difference, which is considered here as a "large" difference, is less than a 10-fold uncertainty factor for intraspecies variability. On the other hand, a 5-fold difference is clearly larger than 2-fold, allowing the pesticides to be directly compared. Furthermore, as mentioned above, these ratios depend on the age at testing. Finally, it is important to note that these ED50 values are based on administered dose in mg/kg. Considering the large differences in body weight, on a total dose level, the differences are greater. For example, for chlorpyrifos the ED50 values for adult and PND17 brain ChE inhibition are 22.6 and 5.3 mg/kg, respectively (Table 1) . Given an average weight of 330g for adults, and 28 g for PND17 pups, the total doses administered average about 7.5 mg for adults and 0.15 mg for pups, which is a 50-fold difference in intake. Thus, these differences in sensitivity can be considered several different ways.
Conclusions
Generalizing these data along with other literature reports leads to a conclusion that relatively large age-related differences are evident more often with OP pesticides, whereas www.intechopen.com carbamates showed more moderate differences. However, fully half of both classes of chemicals showed essentially no age differences. These outcomes are mostly chemicalspecific, and therefore assumptions that the young are always more sensitive to ChE inhibition are incorrect. For children's health, logic would dictate the use of pesticides showing less juvenile sensitivity. This retrospective analysis informs estimation of the likelihood for age-related differences in sensitivity for acute cholinesterase inhibition.
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